ABSTRACT The interaction of cyanines with nucleic acids is accompanied by intense changes of their optical properties. Consequently these molecules find numerous applications in biology and medicine. Since no detailed information on the binding mechanism of DNA/cyanine systems is available, a T-jump investigation of the kinetics and equilibria of binding of the cyanines Cyan40 [3-methyl-2-(1,2,6-trimethyl-4(1H)pyridinylidenmethyl)-benzothiazolium ion] and CCyan2 [3-methyl-2-[2-methyl-3-(3-methyl-2(3H)-benzothiazolylidene)-1-propenyl]-benzothiazolium ion] with CT-DNA is performed at 25°C, pH 7 and various ionic strengths. Bathochromic shifts of the dye absorption band upon DNA addition, polymer melting point displacement (DT ¼ 8-10°C), site size determination (n ¼ 2), and stepwise kinetics concur in suggesting that the investigated cyanines bind to CT-DNA primary by intercalation. Measurements with poly(dA-dT)Ápoly(dA-dT) and poly(dG-dC)Ápoly(dG-dC) reveal fair selectivity of CCyan2 toward G-C basepairs. T-jump experiments show two kinetic effects for both systems. The binding process is discussed in terms of the sequence D 1 S D,S DS I DS II , which leads first to fast formation of an external complex D,S and then to a partially intercalated complex DS I which, in turn, converts to DS II , a more stable intercalate. Absorption spectra reveal that both dyes tend to self-aggregate; the kinetics of CCyan2 self-aggregation is studied by T-jump relaxation and the results are interpreted in terms of dimer formation.
INTRODUCTION
Considerable efforts have been devoted in recent years to find fluorescent dyes which could provide a convenient alternative to the employment of classical ones (acridines, phenanthridines). Among these, the class of cyanines has proved to be particularly useful. Cyanine dyes found their first use in color photography (1) and then in high energy lasers and digital image storage. However, most of the interest in cyanine dyes is related to their biological and biomedical use as molecular probes (2) . Nowadays the majority of fluorescent dyes commonly used for DNA visualization assays belongs to the cyanine family (3, 4) , since these molecules display high affinity for nucleic acid double strands, strong absorption in the visible range of the spectrum, and sharp increase of fluorescence emission when interacting with DNA (5) (6) (7) (8) (9) . If their first use is DNA sequencing and fluorescence microscopy, cyanines dyes can also be very usefully employed for conformational studies via fluorescence energy transfer (10) (11) (12) , agarose gel and capillary electrophoresis staining (13) , DNA analysis in polymerization chain reactions (14, 15) , and flow cytometry (16) , or as fluorescent probes for membrane fluidity (17, 18) and membrane potential studies (19) . The ultimate level of DNA detection sensitivity was achieved in the size determination and imaging of individual DNA molecules labeled with cyanine dyes (9) .
Cyanine dyes are able to interact with DNA by intercalation, but also by groove-binding (20) (21) (22) . Eriksson et al. (23) have carried out a study on the rates of dissociation of both non-intercalating and intercalating cyanine dyes: on the ground that groove-binders are more salt-sensitive than intercalators of the same charge, these authors propose that salt effect analysis could enable the two modes of binding to be distinguished.
Taking into account the wide range of uses for biological applications, a deeper understanding of the interaction mode of these molecules with natural polynucleotides is useful in order to plan the synthesis of new cyanine dyes with optimized properties. For this purpose, the knowledge of the interaction mechanism would be particularly important, but no detailed studies on the kinetics of cyanine binding to nucleic acids are available. Hence, a temperature-jump study has been carried out on the DNA/Cyan40 (Cyan40 ¼ 3-methyl-2-(1,2,6-trimethyl-4(1H)pyridinylidenmethyl)-benzothiazolium ion) and DNA/CCyan2 (CCyan2 ¼ 3-methyl-2-[2-methyl-3-(3-methyl-2(3H)-benzothiazolylidene)-1-propenyl]-benzothiazolium ion) systems.
MATERIALS AND METHODS

Materials
Previously synthesized Cyan40 methyl sulfate (Fig. 1 A) and CCyan2 iodide ( Fig. 1 B) (24) were used without further purification. Stock solutions of the dyes (2 3 10 ÿ3 M) were prepared by dissolving weighed amounts of the solid in DMSO and kept in the dark at 4°C. Working solutions were obtained by dilution of the stocks to such a level that the DMSO content could be neglected and were standardized spectrophotometrically, using
for Cyan40 and e ¼ 4.70 3 10 4 M ÿ1 cm ÿ1 at 543 nm,
Calf thymus DNA was purchased from Pharmacia Biotech (Uppsala, Sweden), in the form of lyophilized sodium salt, dissolved into water and sonicated as described below. Stock solutions were standardized spectrophotometrically, using e ¼ 13,200 M ÿ1 cm ÿ1 at 260 nm,
pH ¼ 7.0 as obtained from the sample certificate. Poly(dA-dT)Ápoly(dA-dT) and poly(dG-dC)Ápoly(dG-dC), also from Pharmacia Biotech, were purchased as lyophilized sodium salt, dissolved in water and standardized spectrophotometrically, by using e ¼13,200
poly(dG-dC)Ápoly(dG-dC) (26, 27) . The polynucleotide concentrations are expressed in molarity of basepairs and will be indicated as C P . Sodium chloride was used to adjust the ionic strength, and sodium cacodylate (1.0 3 10 ÿ2 M, or 3 3 10 ÿ3 M in case of low ionic strength studies) was employed to keep the pH of the solutions at the value of 7.0. Doubly distilled water was used throughout.
Methods
DNA sonication was carried out using an MSE-Soniprep sonicator (Sanyo Gallenkamp, Leicestershire, UK), by applying to suitable DNA samples (10 mL of CT-DNA ;2 3 10 ÿ3 M) seven repeated cycles of 10-s sonication and 20-s pause, at an amplitude of 14 mm. The sonicator tip was introduced directly into the solution, this being kept in an ice bath to minimize thermal effects due to sonication. Agarose gel electrophoresis tests indicated that the polymer length was reduced to ;800 basepairs. Measurements of pH were made by a Radiometer Copenhagen (Copenhagen, Denmark) PHM84 pH Meter equipped with a combined glass electrode.
Spectrophotometric measurements were carried out on a PerkinElmer (Ü berlingen, Germany) Lambda 35 spectrophotometer. Binding measurements were performed at l ¼ 435 nm (Cyan40) and l ¼ 543 nm (CCyan2). Fluorescence titrations were performed on a PerkinElmer LS55 spectrofluorometer at l exc ¼ 440 nm and l em ¼ 474 nm (Cyan40), and at l exc ¼ 543 nm and l em ¼ 570 nm (CCyan2). The intensity of the emitted light was corrected by applying the equation F corr ¼ F obs antilog [(Abs exc 1 Abs em )/2] (28), although under the conditions of the experiments the inner filter effect was largely reduced. The titrations were carried out by adding increasing amounts of the polynucleotide directly into the cell containing the dye solution. The principal component analysis of the dye spectra was performed by the DATAN program developed by Kubista (29) .
Kinetic measurements were performed on a T-jump apparatus made in our laboratory, which is based on the Riegler et al. prototype (30) , except that photomultipliers are replaced by suitable silica photodiodes (Model S1336, Hamamatsu Photonics, Hamamatsu, Japan). A tungsten lampmonochromator system or a blue laser diode (l ¼ 405 nm, 1 mW) were used as light sources. The T-jump apparatus is able to measure absorbance and/or fluorescence changes and both detection modes were employed. To assess possible effects from electric-field alignment some experiments were performed in the absorbance detection mode by inserting a polarizer in front of the entrance cell windows and setting it at the magic-angle value. The relaxation times were found to be independent of the polarizer presence, thus indicating that the length of the sonicated DNA is short enough to make the orientation/deorientation effects much faster than the chemical effect (31) . The kinetic curves were collected by a Tektronix TDS 210 (Beaverton, OR) storage oscilloscope, transferred to a PC, and evaluated with the program DISCRETE (32) .
Self-aggregation kinetics of CCyan2 was investigated by varying the dye concentration in the 5 3 10 ÿ6 M O 1.4 3 10 ÿ4 M range. Kinetic experiments on the DNA/Cyan40 system were done in the following conditions:
ÿ6 M (C P and C D denoting, respectively, the polymer and dye total concentrations). Kinetic experiments on the DNA/CCyan2 system were done in the following conditions:
For both systems, two relaxation times differing by more than one order of magnitude (milliseconds and tenths of second) were observed. Since our data storage device lacks the dual sampling scale, the experiments have been recorded first at a high and then at a low sampling rate and the two effects were analyzed separately. Each shot was repeated at least 10 times and the relaxation curves obtained were averaged via an accumulation procedure. Thermal denaturation experiments were carried out by monitoring absorbance variations with temperature at 260 nm. The DNA concentration was C P ¼ 5 3 10 ÿ5 M for all experiments, whereas dye concentration was
ÿ4 M for the DNA/CCyan2 and DNA/proflavine systems and
. The ionic strength and the pH values were 0.013 M (NaCl) and 7.0, respectively. Under these conditions, nucleic acid saturation by the dye is ensured in the whole temperature range. Particular care was put in checking that the equilibrium was achieved after each temperature increase. The temperature was measured by direct insertion of a probe into the cell and found to fluctuate within 60.1°C.
RESULTS
Equilibria
Cyanines tend to self-aggregate (33) (34) (35) and the aggregation process can interfere with that of dye binding to nucleic acids. Hence, we have studied first the self-aggregation of Cyan40 and CCyan2 in the absence of DNA. Fig. 2 A shows how the spectrum of CCyan2 changes with increasing dye concentration. At the lowest concentration, where the dye is supposed to be present as a monomer, a single band, centered at 535 nm, can be observed. A second band at 495 nm appears at higher dye levels and, finally, a shoulder forms between 473 and 483 nm. This behavior indicates that aggregation phenomena are taking place (36) , as suggested also by change with concentration of the intensity ratio of the two bands and by the large deviations from the Lambert-Beer law observed for both dyes (Figs. 1S and 2S of Supplementary Material). By adding DNA to the solution containing the aggregate (Fig. 2 B) , the shoulder (corresponding to the aggregate) tends to disappear, whereas the intensity of the
band at higher wavelength increases and displays a bathochromic shift from 535 nm to 545 nm. This observation indicates that the dye is bound to DNA in its monomer form (at least at the highest values of the DNA/dye ratio) and then that the mode of binding could be intercalative. The kinetic analysis of the aggregation process was carried out for CCyan2, the dye displaying the higher propensity to self-aggregate. T-jump curves are monoexponential ( Fig. 3 ) and the trend of a plot of 1/t versus C D is linear (Fig. 4) . Such behavior is rationalized by a simple dimerization process (reaction in Eq. 1, below),
(
According to the reaction in Eq. 1, the concentrationdependence of the relaxation time is expressed by the relationship in Eq. 2:
The analysis of the data according to Eq. 2 yields
In the experiments on DNA/dye interaction, dye concentrations were always kept at levels low enough that aggregation could be excluded. Moreover, it was verified that no relaxation effects could be observed for dye solutions of concentrations equal to those used for the DNA/dye interaction studies.
Equilibria of Cyan40 binding to DNA have been investigated by both the spectrophotometric and the spectrofluorimetric methods, whereas the equilibria of the DNA/ CCyan2 system were studied only by spectrofluorimetry, as the use of the absorbance mode would had required dye concentrations high enough to make unavoidable the selfaggregation of the dye. The absorbance spectra for the DNA/ Cyan40 system (Fig. 5) show both hypochromic and bathochromic effects that can be related to an intercalative mode of interaction (37) . The enlargement shows a not-well-defined isosbestic point, suggesting the occurrence of no simple equilibrium (38) . A typical titration curve, performed in the absorbance mode, is shown in Fig. 3S in Supplementary Material, whereas the data of fluorescence titrations for the DNA/Cyan40 and DNA/CCyan2 systems are plotted in Figs. 4S and 5S in Supplementary Material, respectively. Note that 
The spectral behavior indicates the occurrence of a self-aggregation process.
FIGURE 4 Analysis of the aggregation kinetics of CCyan2. The linear dependence of 1/t on the dye concentration is interpreted according to a dimerization process. the emission of fluorescence increases sharply upon addition of increasing amounts of DNA to a dye solution.
The equilibrium between a dye molecule, D, and a free site, S, on DNA can be expressed by the apparent reaction in Eq. 3:
The The site size, n, defined as the number of monomer units of the polymer involved in the binding of one dye molecule under conditions of complete saturation, was obtained for the DNA/Cyan40 system by performing low ionic-strength titrations (41, 31) where the complete saturation of the polynucleotide is easily achieved.
The straight lines interpolating the initial and final parts of the titration curve intersect to a point where C P /C D ¼ n ¼ 2 (Fig. 6) . It was impossible to evaluate the site size of the DNA/CCyan2 system by the same procedure since, under the conditions needed for such an experiment, dye aggregation cannot be avoided. Nevertheless, for further data treatment, the value of 2 was also assumed for this system, on the basis of the molecular similarity of the two dyes.
The equilibrium constant of Eq. 3, defined as
, is evaluated, together with the De value, from titration data by iterative fits to Eq. 4: (42) . The same procedure has been used for fluorescence measurements, simply replacing DAbs and De by the difference in the fluorescence intensities DF ¼ F ÿ F 0 and Df ¼ f DS ÿ f D , respectively. The parameter f i is defined as f i ¼ 2.3 I 0 e i l Q i k, where I 0 is the excitation intensity, e i is the absorption coefficient at the excitation wavelength, Q i is the quantum yield of the i th -species, l is the optical path, and k is an instrumental factor. An example of the analysis of the data is shown in Fig. 7 . The values of the equilibrium parameters are collected in Table 1 . 
The insert shows a not-well-defined isosbestic point, which suggests that the binding process is not a simple one. 
Spectrophotometric data were also analyzed by means of Eq. 5 (43) for the DNA/Cyan40 system. Fits to Eq. 5 are linear for r , 0.15 (Fig. 6 S) , r ½D ¼ K SC ðB ÿ rÞ:
Eq. 5 provides the values of K ¼ K SC B and B, where B is a constant related to the site size by the relationship n ¼ (111/B)/2 (39) . The values of the equilibrium parameters obtained by the Scatchard analysis agree with the ones found by the procedure described above (Table 1) . Deviations from linearity occurring for r . 0.15 reveal a rearrangement of the occupied sites at high degrees of site occupation. As the intercalation reaction takes place between charged partners, a salt-concentration dependence of the equilibrium parameters is likely to be observed (44) . Table 2 shows that the equilibrium constants decrease by increasing salt (NaCl) concentrations from 0.013 to 1 M, in agreement with the presence of electrostatic interactions between the positively charged dye and the negatively charged phosphate on DNA. The trend of a plot of logK versus ÿlog[Na 1 ] is linear (Fig.  8 ), in agreement with the Record equation (45, 46) , and the slopes of the straight line interpolating the experimental data points are 1.1 for DNA/Cyan40 and 0.86 for DNA/CCyan2.
Van't Hoff plots of the temperature dependence of the equilibrium constants between 15°C and 45°C for both the DNA/Cyan40 and DNA/CCyan2 systems display good linearity (Fig. 7S) . The reaction enthalpy, DH°, is (ÿ5.3 6 0.2) kcal M ÿ1 for Cyan40 and (ÿ4.3 6 0.2) kcal M ÿ1 for CCyan2.
Kinetics
T-jump relaxation curves are biexponential for both systems, and reveal the presence of two distinct kinetic effects differing by one order of magnitude on the timescale and with amplitudes of opposite sign (Fig. 9 ). The analysis of the kinetic data is made by plotting the reciprocal of the two relaxation times, 1/t f and 1/t s , on F(C), a function of reactant concentrations defined as (40) . The obtained curves tend to level off at the highest F(C) values for both systems (Fig. 10, A and B, and Fig. 11, A and B) .
The kinetic behavior agrees with the three-step series mechanism below,
where S and D are the free sites and free dye respectively, whereas D,S, DS I , and DS II are conformationally different complexes. Data have been fitted to Eqs. 7 and 8,
where 
y Thermodynamics: spectrophotometry (Eq. 4). z Thermodynamics: spectrofluorimetry (Eq. 4). § Scatchard analysis (Eq. 5). 
The curved concentration dependence of 1/t f observed for both systems (Figs. 10 A and 11 A) indicates that the fast effect is composed by two series steps, the first of them being too fast to be kinetically measured. However, fit to Eq. 7 enabled us to evaluate the equilibrium constant, K 0 , of this very fast step which, according to Eq. 6, corresponds to formation of the complex D,S. The values of the reaction parameters obtained at 25°C and I ¼ 0.1 M are collected in Table 1 .
The salt effect on the kinetics of dye-site interaction has been investigated for the DNA/CCyan2 system. Fig. 11, A and B, show the dependence of 1/t f and 1/t s on the NaCl concentration. The values of the reaction parameters are collected in Table 2 . Fig. 12 shows the melting curves of free DNA and of DNA saturated with Cyan40, CCyan2, and with proflavine. The figure shows that free DNA melts at 68°C, DNA/Cyan40 at 76°C, DNA/CCyan2 at 78°C, and DNA/proflavine at 80°C.
Melting curves
Interaction with synthetic polynucleotides
The binding affinities of both Cyan40 and CCyan2 for poly(dA-dT)Ápoly(dA-dT) and poly(dG-dC)Ápoly(dG-dC) have been measured under the same experimental conditions and with the same method used for the CT-DNA studies. The values of the equilibrium parameters, collected in Table 3 , show that CCyan2 displays a remarkable selectivity toward G-C sequences, whereas Cyan40 is less selective.
DISCUSSION
It has been shown that both Cyan40 and CCyan2 undergo self-aggregation in aqueous media, CCyan2 being much more effective than Cyan40. The difference could be ascribed to the more extended planarity of the structure of CCyan2 compared to that of Cyan40. Actually, the latter dye contains more methyl groups that hinder dye-dye overlapping (Fig. 1) . Concerning CCyan2, the hypsochromically shifted band found can be related to H-aggregation of the monomer dye (47) , which is to face-to-face aggregation with extensive p-stacking between monomers. The extended, planar (even if twisted) molecular configuration of CCyan2 allows these co-facial, with little offset, structures to be stabilized. By contrast, aggregated structures with large offset (J-aggregates) would have produced a bathochromic effect (47) . The equilibrium constant value for CCyan2 dimerization derived from kinetics (K D ¼ 2.1 3 10 3 M ÿ1 ) is similar to that found for other dyes of the cyanine family (48) . It should be noted that the dimerization model (Eq. 1) provides a simplified representation of the self-association process of CCyan2. Actually, the principal component analysis (29) of the spectra of Fig. 2 A enabled us to detect the presence of a third component. However, its contribution to the global spectral behavior was found to be insignificant and it has been neglected. On the basis of the K D value, it has been calculated that, for C D ¼ 1 3 10 ÿ6 M, the dimer fraction is 0.2% only at I ¼ 0.1 M and 0.7% at I ¼ 1 M. The latter value has been obtained by using for K D at I ¼ 1 M the value of 7.2 3 10 3 M ÿ1 , calculated with the help of the Davies equation with B ¼ 0.3. Therefore, we can ensure that kinetic data obtained for DNA/cyanine systems are related to the dye monomer/polynucleotide interaction only. Concerning the DNA/Cyan40 system, titrations made in the absorbance mode (high dye concentration) and in the fluorescence mode (low dye concentration) gave the same result, thus proving the negligible influence of the possible presence of small amounts of dimer.
Both cyanine dyes have shown to interact with DNA, forming stable complexes with overall binding constant, K, of the order of magnitude of 10 4 M ÿ1 , in agreement with the constants measured for other cyanines (25) . The dependence of K on salt concentration indicates that the electrostatic contribution to the binding is in keeping with the ManningRecord theory (45, 46) . The slopes of the plots of Fig. 8 are m9c ¼ 1.1 for DNA/Cyan40 and m9c ¼ 0.86 for DNA/CCyan2; the difference suggests that the positive charge is more delocalized in the case of CCyan2.
The remaining contribution to the binding process is primary due to intercalation. This mode of binding was proved for CCyan2 (25) : the fluorescence quenching constant was found to be ;10 times less than expected for groove binding; moreover, linear dichroism experiments showed that the dye is oriented perpendicular to the helix axis. Concerning Cyan40, a model was proposed where one heterocycle is intercalated and the remaining stays in the groove (21) . The intercalative model is also supported by the present experiments, namely: (Fig. 12) are similar to that produced by proflavine intercalation (the larger DT m value found for CCyan2 is in agreement with the greater affinity of this dye for DNA as shown in Table 1 ). 4. The bathochromic shifts exhibited by the absorbance spectra during titration (Fig. 5) are not in contrast with intercalation (37) .
Concerning the kinetics, the direct transfer mechanism proposed for the DNA/ethidium (49) was discarded since this requires that the plot of (1/t f 3 1/t s ) versus F(C) would display a parabolic trend, contrary to our findings. The alternative mechanism depicted in Scheme 1, below, where DS I and DS II are mutually exclusive, could in principle be operative.
Eq. 7, which in the series mechanism is associated to the fast effect, also applies to this branched mechanism. On the other hand, concerning the slow effect associated to Eq. 8, K f in the numerator must now be replaced by K 0 , but the form of the equation remains unchanged. Therefore, the branched mechanism could not be kinetically distinguished from our series mechanism.
However, we are in favor of the latter after having considered the following possibilities:
1. DS I is intercalated in A-T and DS II is intercalated in G-C. Then, in the poly(dG-dC)Ápoly(dG-dC)/cyanine system, only one relaxation effect should be observed. Experiments in progress in our laboratory show that this is not the case, since two effects are clearly observed in the poly(dG-dC)Ápoly(dG-dC)/CCyan2 system. 2. Intercalation in DS I involves one of the two functionalities of the cyanine and intercalation in DS II involves the other functionality. In this case CCyan2, with two identical functionalities, should display only one effect, contrary to experiment. 3. DS I intercalates crossing one groove and DS II intercalates crossing the other groove. Suppose that the two processes require different activation energies, so two effects are observed. This could be possible for large molecules but less probable for small dyes as our cyanines. Further, two effects are observed also for intercalation of proflavine into poly(A)Ápoly(A) where only one groove is present (31) .
Therefore, the most probable is that DS I and DS II differ by the extent of intercalation. Since the intercalation process involves a structural change of the polynucleotide, one has to postulate some intermediate complex between the free dye and the fully intercalated state, to allow time for the structural reorganization to occur (50) . This is the series mechanism. The values of K 0 (Table 1 ) are higher than those found for the DNA/ethidium (51), poly(A)Ápoly(A)/proflavine (31) and poly(A)Ápoly(U)/proflavine (52) systems: this could be ascribed to additional interactions, established very rapidly so that their relaxation parameters cannot be measured under the concentration conditions of our T-jump experiments. These could be partially of electronic nature, since the sulfurcontaining dye, thionine, is known to bind to AMP more strongly than proflavine (53) . Extensive dye-groove interactions could not be present in D,S, otherwise the value of K 0 would be orders-of-magnitude above the experimental one (54) . Dye-dye interaction of the outside bound ligand should also be excluded, because of the high polymer/dye ratio.
Concerning the step D,S DS I , one observes that the values of k 1 are similar for the two ligands, as the values of k ÿ1 . This means that the interconversion D,S DS I should have similar kinetic features. The intercalation of the common benzothioazole residue satisfies this condition. In the last step, DS I DS II , it turns out that both k 2 and k ÿ2 for DNA/CCyan2 are lower by one order of magnitude as compared with DNA/Cyan40. If the assumption holds that DS I and DS II differ for the extent of intercalation, the different behavior of the two systems could be explained in two ways:
1. In DS I only the common benzothioazole residue is intercalated, whereas in DS II the entire dye molecule is allocated within basepairs. 2. The transition involves further accommodation of the benzothioazole residue into the polymer cavities, whereas the remaining residue stays outside, possibly undergoing groove-interaction.
Both the activation modes require a higher energy expense for the larger CCyan2 molecule, as reflected in the reduced value of k 2 . On the other hand, the larger extension of the aromatic system of this dye stabilizes the DS II structure, causing a reduction of k ÿ2 for CCyan2, compared to that of Cyan40, where the half-intercalation model (2, above) seems to be favored (21) . The rate constants for dissociation of CCyan2 do not depend significantly on salt concentration, as already observed for the dissociation rate constants of the DNA/ ethidium system (55) . This could be explained on the assumption that dye intercalation plays a major role in the binding process. In such a case, the dissociation process should be independent of the counterion concentration.
